We have studied the gravitational collapse of cylindrical condensations of the primordial gas, subject to the virial theorem and in the presence of an initially small, axial magnetic field. Owing to the compression of the magnetic field, the collapse of the cylinder is arrested at larger values of its radius than when the field is neglected. Consequently, the estimates of the masses of the fragments which form are also larger. We find that rotational transitions of HD molecules dominate the cooling of the gas during at least the early phases of the collapse, when the kinetic temperature is low.
I N T RO D U C T I O N
Seminal studies of the gravitational contraction of matter in the presence of a magnetic field were made by Chandrasekhar & Fermi (1953) , Mestel & Spitzer (1956) and Strittmatter (1966) . The collapse of axially symmetric condensations of gas, subject to the virial theorem, and the stability of the collapse were considered by Chandrasekhar & Fermi (1953) . In the context of the primordial gas, the homologous collapse and subsequent fragmentation of initially axially symmetric condensations, produced by the passage of shock waves, were studied by Uehara et al. (1996) . However, these authors used a restricted set of chemical species and reactions and also neglected the influence of a possible axial magnetic field. Subsequently, Uehara & Inutsuka (2000) updated the chemical scheme, notably introducing reactions involving deuterium-bearing species, but again neglected the magnetic field. They considered the evolution of the central density ρ c and temperature of a cylinder with a fixed density profile ρ = ρ c /[1 + (r/r c ) 2 ] 2 , where r c is the radius of the core. They found that the core evolved almost isothermally, with a central temperature T ≈ 50 K when allowance was made for cooling by HD molecules, as compared with T ≈ 100 K when H 2 was assumed to be the only coolant.
In the present paper, we reconsider the problem of homologous collapse. We show that the presence of an initially weak axial magnetic field can significantly increase the estimate of the mass of the fragments formed. Furthermore, we find that HD molecules dominate the thermal balance of the medium during at least the early phases of the collapse, confirming the result of Uehara & Inutsuka (2000) . The cooling of the gas through rotational transitions of HD also tends to increase the masses of the fragments which are produced.
In Section 2, we present the equations that we have used to follow the evolution of cylindrical condensations of primordial gas from the E-mail: david.flower@durham.ac.uk time of their formation to their fragmentation. The model parameters are specified in Section 3, where the numerical results are given and discussed. Our concluding remarks are in Section 4.
T H E O RY
In the presence of a magnetic field, the virial equation describing the evolution of a self-gravitating cylindrical cloud may be written 1 2
where the cylinder is assumed to be of infinite length; see Chandrasekhar & Fermi (1953) . In (1), I is the moment of inertia, T the kinetic energy, U the thermal energy, M the magnetic energy and m the mass of gas per unit length of the cylinder; G is the gravitational constant. If the cylinder is supposed uniform and undergoing homologous collapse, then I = mr 2 /2, T = m(dr/dt) 2 /4 and U = π r 2 (3/2)nkT, where r is the radius of the cylinder, n is the gas number density, T is its kinetic temperature, and k is Boltzmann's constant (cf. Uehara et al. 1996) . Similarly, M = π r 2 (B 2 /8π ), where B is the magnetic induction. We assume that the magnetic field is along the axis of the cylinder and frozen in the gas, in which case B/ρ is constant, where ρ = nµ is the mass density of the gas and µ its mean molecular weight. The mass of gas per unit length of the cylinder is then m = π r 2 ρ. Equation (1) reduces to
Self-gravitation results in the compression of the cylinder of gas. The rate of working of the gravitational force is
where ε T is the specific thermal energy and ε int = nu/ρ = u/µ is the specific internal energy of the gas, and we consider specific volume v = 1/ρ. In (3), is the rate of heating of unit volume of the gas, e.g. through the formation of molecular from atomic hydrogen, and is the rate of cooling per unit volume, e.g. through radiative transitions of H 2 and HD. Equation (3) may be written in the form
The internal energy of unit volume of the gas, nu, is associated with the rovibrational excitation of H 2 , and
where n(v, J ) is the number density of H 2 molecules in the rovibrational state (v, J ), and E(v, J ) is the energy of this state, relative to the ground level. We determine the rate of change of the internal energy from
where Flower (1999) and derive from recent quantum mechanical studies of rovibrationally inelastic collisions of H 2 with H, He and H 2 . We suppose that the formation of H 2 results in the rovibrational states being populated in proportion to their existing fractional populations, n(v, J )/n(H 2 ). The second term on the right-hand side of (6) is the rate of increase in the internal energy arising from the compression of the gas with time; this term cancels when equation (6) is substituted in equation (4). The role of HD as a coolant of the primordial gas has been studied recently by Galli & Palla (1998) , Flower et al. (2000) and Flower (2000) . At the temperatures encountered in the models that will be considered in Section 3, HD is the major coolant of the medium. In the light of these recent studies, we believe that the contribution of HD to the thermal balance of the gas is rendered accurately by the present calculations.
The mean molecular weight of the gas, µ = ρ/n, may change, notably through the formation of H 2 from H. Defining N as the rate of creation of particles per unit volume, we have
The above time-dependent equations describing the evolution of the gas were integrated in parallel with the chemical rate equations and those determining the evolution of the rovibrational level populations (Flower & Pineau des Forêts 2001) . The second-order differential equation (2) was written as two first-order equations, for the speed of collapse and the radius of the cylinder, and the Gear method was then used to propagate the solutions of the resulting set of first-order, ordinary differential equations (Hindmarsh 1974) . Galli & Palla (1998) made a careful study of chemical reactions in the primordial gas and compiled expressions for the associated rate constants; we have been guided by their work. Three-body association reactions, resulting in the formation of H 2 and HD, and collisional dissociation processes have been included in the set: see Table 1 . The calculations of Galli & Palla (1998) indicate that the Table 1 . Chemical reactions included in the models.
Reaction Reference
(1) Galli & Palla (1998) . (2) abundances of Li-bearing species are very low, and so reactions involving Li-bearing species have not been included in the present model.
R E S U LT S A N D D I S C U S S I O N
In a previous study (Flower & Pineau des Forêts 2001) , we considered the free-fall collapse of inhomogeneities in the primordial gas and effects produced by shock waves, generated when the collapse speed becomes supersonic. Compression and heating owing to the passage of a shock wave are followed by radiative cooling of the post-shock gas (by H 2 and HD), the temperature of which falls to that of the background blackbody radiation, T r (z), whilst undergoing further compression. This process leads to the formation of relatively cold and dense condensations of still mainly atomic gas and tends to align the magnetic field parallel to the shock front. We shall take the conditions in these condensations as defining the initial conditions for the subsequent evolution, subject to the virial theorem and in the presence of an axial magnetic field.
Fragmentation of condensations of the primordial gas 765 ) Figure 1 . The density-temperature profiles calculated including (full line) and neglecting (broken line) deuterium-bearing species; n 0 = 6.9 cm −3 and T 0 = 330 K. The broken curve may be directly compared with fig. 1 of Uehara et al. (1996) .
However, we consider first the case of no magnetic field and, for comparison purposes, we adopt the initial conditions of Uehara et al. (1996) , which also correspond to cooled, post-shock gas:
. We include first only those species considered by Uehara et al. (1996) : H, H 2 , H + , H − and e − . The results of our calculations are shown in Fig. 1 , for the case m = 2m c (T 0 ), where m c is the critical mass per unit length: m c (T ) = 2kT /µG (see Uehara et al. 1996) . The results of the equivalent calculation, in which the species D, HD and D + were additionally included (each initially in the elemental abundance ratio n D /n H = 4 × 10 −5 with the corresponding hydrogen-bearing species H, H 2 and H + ), are also shown in Fig. 1 .
The density-temperature profile shown by the broken curve in Fig. 1 may be compared with the corresponding calculation of Uehara et al. (1996, fig. 1 ), with which it agrees well. The temperature attains a local maximum at a gas density n ≈ 10 3 cm −3 , owing to cooling by rotational transitions of H 2 . As the rotational level populations progressively thermalize at higher densities, the temperature steadily rises towards a maximum of T ≈ 10 3 K, where three-body reactions begin to convert the gas into predominantly molecular form.
Very different is the density-temperature profile obtained when deuterium-bearing species, and their associated reactions (cf. Fig. 2 . Because HD is a more effective coolant at low temperatures than H 2 , owing to its smaller rotational constant, the kinetic temperature falls to a lower minimum value before rising again and ultimately reversing the chemical fractionation of HD. The lower temperature minimum results in smaller values of m c (T ) and a more rapid collapse. As a consequence, the kinetic temperature increases to values that are sufficiently high for collisional dissociation of H 2 to occur. The frac- tional abundance of H 2 then decreases rapidly, as shown in Fig. 2 , rather than increasing through three-body association reactions. The removal of H 2 exacerbates the rise in the kinetic temperature, as H 2 is the primary coolant at high temperatures.
Owing to the different density-temperature profile, obtained on including deuterium-bearing species, we expect the masses of the fragments which are formed to be larger. In Fig. 3 are plotted the speed of collapse, dr/dt, and the evolution time, t, as functions of the radius of the cylinder, r, for the two models for which densitytemperature profiles are shown in Fig. 1 . The fragmentation timescale may be estimated as (2π Gρ 0 ) −1/2 , which is consistent with the limiting times of evolution apparent in Fig. 3 . The higher speed of collapse of the cylinder, when allowance is made for cooling by HD (full lines in Fig. 3) , is also evident in this figure. The limiting radius that is reached in this case (r ≈ 10 16 cm) is determined by the rapid increase in temperature, and in the rates of collisional dissociation of H 2 and HD, to which reference was made above. When cooling by HD is neglected (broken lines in Fig. 3 ), the limiting radius is smaller, being determined in this case by the rise in temperature that occurs when the lines responsible for the cooling of the gas become optically thick (Uehara et al. 1996; Uehara & Inutsuka 2000) , at r ≈ 10 15 cm, where the fractional abundance of H 2 is rising owing to three-body association reactions. Thus the inclusion of HD cooling leads to a revision upwards, by an order of magnitude, of the masses of the fragments which form, from 2π rm = 4 to 70 M .
The effect on the density-temperature profile of introducing an axial magnetic field is illustrated in Fig. 4 . Trace amounts of H + 2 and H + 3 have been included for completeness, together with helium, the fractional abundance of which is n He /n H = 0.08. Although helium does not perturb the chemistry of the gas, its inclusion increases the mean molecular weight and hence reduces the critical mass, m c .
As the strength of the magnetic field increases, the collapse of the cylinder is halted (the sign of dr/dt reverses) at lower densities (and larger radii); see Fig. 4 . The fragment mass increases with B 0 , from 26 M (B 0 = 0) to 5730 M (B 0 = 10 −7 G); see Table 2 . Even the largest magnetic induction considered (0.1 µG) corresponds to an initial magnetic energy density which is smaller by 3 orders of magnitude than the initial thermal energy density. Assuming the scaling law B(µG) = [n(cm −3 )] 0.5 , which derives from studies of the Table 2 . Variation of the computed fragment mass with the initial value of the axial magnetic induction: n 0 (H) = 6.9 cm −3 , n 0 (H 2 ) = 0.016 cm −3 , T 0 = 330 K; n He /n H = 0.08, n D /n H = 4 × 10 −5 . interstellar medium (Troland & Heiles 1986) , we would obtain B 0 ≈ 1 µG. Thus even a weak initial magnetic field can have important consequences for the subsequent fragmentation of the cylinder. We now consider the models to which reference was made in the introduction to this section; their initial conditions are specified in Table 3 . Both the models refer to post-shock gas that has thermalized with the cosmic background radiation at the corresponding redshift, z ≈ 9 (cf. The initial conditions of model 2 of Table 3 yield, for B = 0, a density-temperature profile which is similar to that of model 1, for the same value of the mass per unit length, m = 2m c (T 0 ). The kinetic temperature attains a maximum of approximately 90 K for n ≈ 3 × 10 6 cm −3 ; the cooling of the gas is dominated by HD throughout the collapse. Higher maximum temperatures and densities are obtained Table 3 ; the initial value of the axial magnetic induction is indicated (in G). The mass per unit length of the cylinder is twice the initial value of the critical mass. Table 3 and the case of B 0 = 0. The density-temperature profile is also plotted, for reference. for larger values of the mass per unit length. Fig. 7 illustrates the case m = 4m c (T 0 ), for which the maximum value of T exceeds 400 K and n approaches 10 8 cm −3 . Towards the end of the collapse, H 2 has taken over as the major coolant. The fragment mass is, in this case, 20 M .
C O N C L U D I N G R E M A R K S
We have studied the evolution of cylindrical condensations of the primordial gas, under the action of self-gravity and subject to the virial theorem, from their formation through shock compression to their subsequent fragmentation through gravitational instabilities (Chandrasekhar & Fermi 1953; Tomisaka 1995; Uehara et al. 1996; Uehara & Inutsuka 2000) . We find that, in the case of homologous collapse, the estimates of the masses of the fragments which form are significantly increased when allowance is made for an initially small, axial magnetic field, the compression of which ultimately stops the infall of gas. In the early phases of the collapse, when the kinetic temperature is low, the abundance of HD, relative to H 2 , is much larger than the D:H elemental abundance ratio, owing to chemical fractionation. For this reason, and also its smaller rotational constant, HD is the dominant coolant of the gas when the temperature is low. The introduction of HD into the model also leads to higher estimates of the fragment masses in the case of homologous collapse. The fragment mass (0.1 M ) deduced by Uehara & Inutsuka (2000) , including HD cooling and neglecting the magnetic field, is much smaller than we deduce here (70 M ). This difference is probably attributable to the assumption of a centrally peaked density profile by Uehara & Inutsuka (2000) , rather than to any significant discrepancies in the rates of physical or chemical processes.
Our calculations were based on a single-fluid prescription for the evolution of the collapsing cylinder. It would be instructive to consider ambipolar diffusion (Spitzer 1978) by including the coupling between the flows of the ionized and neutral fluids in a two-fluid model; this we plan to do as an extension of the present study.
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